Niemann-Pick C1 protects against atherosclerosis in mice via regulation of macrophage intracellular cholesterol trafficking by Zhang, Jessie R et al.
Research article
	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 118      Number 6      June 2008  2281
Niemann-Pick C1 protects against 
atherosclerosis in mice via regulation  
of macrophage intracellular  
cholesterol trafficking
Jessie R. Zhang,1 Trey Coleman,1 S. Joshua Langmade,1 David E. Scherrer,1  
Lindsay Lane,1 M. Hunter Lanier,1 Chu Feng,1 Mark S. Sands,1,2 Jean E. Schaffer,1,3  
Clay F. Semenkovich,1,4 and Daniel S. Ory1,4
1Department of Medicine, 2Department of Genetics, 3Department of Molecular Biology and Pharmacology, and 4Department of Cell Biology and Physiology, 



































































Downloaded on August 16, 2013.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/32561
research article
























































Analysis of BM reconstitution of Ldlr–/– mice after BMT from Ldlr–/– 
Npc1+/+ and Ldlr–/–Npc1–/– donors. (A) Transplantation scheme 
for generation of Ldlr–/– mice with BM-derived cells deficient in 
Npc1. (B) At 6 weeks after BMT, peripheral blood was obtained 
from recipients, and cells were stained with anti-CD45.1 and anti-
CD45.2 to identify Ly5.1- and Ly5.2-positive cells by flow cytom-
etry. Data represent 104 cells from each mouse. (C) Cholesterol 
staining of peritoneal macrophages harvested from high-fat fed 
MφNpc1+/+ and MφNpc1–/– chimeric mice. Arrowhead denotes 
cholesterol-laden lysosomes. Scale bar: 10 μM.
Table 1
Lipoprotein analysis of pooled plasma
	 MφNpc1+/+	 MφNpc1–/–
Cholesterol	(mg/dl)
  Total 1,571 ± 28 961 ± 29A
  VLDL 854 ± 46 486 ± 33A
  LDL 554 ± 32 362 ± 14A
  HDL 119 ± 1.0 91 ± 1.7A
TGs	(mg/dl)
  Total 256 ± 16 103 ± 4.6A
  VLDL 145 ± 3.2 56.8 ± 0.93A
  LDL 51 ± 3.8 23.8 ± 1.5A
  HDL 10.0 ± 0.47 4.58 ± 0.57A
MφNpc1+/+ and MφNpc1–/– mice were fed high-fat diet for 10 weeks. 
Sera from 5–6 animals per genotype were pooled and separated by 
FPLC, and individual fractions were assayed for cholesterol and TG 
content. Data are mean ± SEM of triplicate determinations for each 
genotype. AP ≤ 0.005 versus MφNpc1+/+.
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Serum lipoprotein cholesterol and TG levels in 
MφNpc1+/+ and MφNpc1–/– mice fed an atherogenic 
diet. (A) Quantitative lipoprotein analysis of serum 
lipoproteins. Sera from 9–10 animals per genotype 
fed the high-fat diet for 0, 3, 6, and 10 weeks were 
pooled and analyzed by HPLC. Data are mean ± SEM. 
*P ≤ 0.05, **P ≤ 0.005 versus MφNpc1+/+. (B) FPLC 
profile of cholesterol and TGs in mice fed the high-fat 
diet for 10 weeks. Sera from 5–6 animals per geno-
type were pooled and separated by FPLC, and indi-
vidual fractions were assayed for cholesterol and TG 
content. Data represent means of triplicate determina-
tions for each genotype. SEM and statistical analyses 
are shown in Table 1.
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Lipoprotein metabolism studies in MφNpc1+/+ and 
MφNpc1–/– mice fed an atherogenic diet for 10 
weeks. (A) Body weight. (B) TG production. Fast-
ing TG levels were determined at time 0. Mice were 
injected with Triton WR 1339 to inhibit systemic 
lipolysis or with PBS control, and venipuncture was 
performed at 30, 60, and 120 minutes. (C) VLDL 
clearance. Mice were injected with 125I-VLDL, and 
blood was collected 0–240 minutes after injection. 
The amount of 125I-VLDL remaining in plasma 
at each time point was expressed as a percent-
age relative to the 125I-radioactivity in the plasma 
1 minute after initial injection. (D) Liver tissue cho-
lesterol content (n = 8–9 per genotype). (E) Cho-
lesterol content of Kupffer cell fractions isolated 
from the liver. Fractions from 2 mice per genotype 
were pooled, lipids were extracted, and cholesterol 
was measured by GC/MS. FC, free cholesterol; 
CE, cholesterol ester. For all experiments shown, 
data are mean ± SEM of triplicate determinations 
and are representative of 2 independent experi-
ments. *P < 0.05 versus MφNpc1+/+.
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Aortic atherosclerosis in MφNpc1+/+ and MφNpc1–/– mice 
after 10 weeks on a high-fat diet. (A) En face images of rep-
resentative aortas. Arrows denote atherosclerotic plaque. 
(B) Quantification of aortic intimal lesions. For each aorta, 
separate measurements of lesion area were performed in 
the arch, thoracic aorta, and abdominal aorta. Combined 
lesion area was significantly greater in MφNpc1–/– than in 
MφNpc1+/+ mice (P < 0.05). (C) Atherosclerosis at aortic 
origin. Frozen aortic cross-sections from representative 
high-fat diet–fed MφNpc1+/+ and MφNpc1–/– chimeric mice 
were stained with hematoxylin and Oil red O. Arrows indi-
cate regions staining for Oil red O. Original magnification, 
×10 (A); ×100 (C).
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Reduced expression of cholesterol transporters and 
cholesterol efflux in MφNpc1–/– chimeric mice. (A) 
Abca1 and Abcg1 gene expression in peritoneal macro-
phages harvested from high-fat diet–fed MφNpc1+/+ and 
MφNpc1–/– mice. Expression was determined by real-
time quantitative RT-PCR and normalized to expression 
in MφNpc1+/+ macrophages. (B and C) Cholesterol efflux 
to apoA-I and HDL from peritoneal macrophages har-
vested from high-fat diet–fed MφNpc1+/+ and MφNpc1–/– 
mice. Cells were incubated overnight with AcLDL 
labeled with [3H]cholesterol, followed by incubation for 
4 (B) or 24 hours (C) in medium containing 0.2% BSA 
with 10 μg/ml human apoA-I or 50 μg/ml human HDL. 
ApoA-I– or HDL-specific cholesterol efflux is shown as 
the radioactivity released from the cells into the medium, 
expressed as a percentage relative to the total radio-
activity in cells and media. T/9-cis RA, T0901317. Data 
are mean ± SEM of triplicate determinations and are 
representative of 2 independent experiments. *P ≤ 0.05, 
**P ≤ 0.01 versus respective MφNpc1+/+; #P ≤ 0.05, 
##P ≤ 0.01 versus respective untreated MφNpc1–/–; 
†P = NS versus untreated ApoA-I MφNpc1+/+.
Figure 6
Npc1–/– macrophages are deficient in production of endog-
enous oxysterol ligands. (A) Production of 27-HC and 
cholestenoic acid in macrophages harvested from high-fat 
diet–fed MφNpc1+/+ and MφNpc1–/– chimeric mice. Macro-
phages were cultured in lipoprotein-deficient medium fol-
lowed by overnight incubation with 50 μg/ml AcLDL. Lipids 
were extracted from media, and cells and oxysterols were 
measured by GC/MS. Data are mean ± SEM and are rep-
resentative of 2 independent experiments. (B) Plasma oxy-
sterol levels in high-fat diet–fed MφNpc1+/+ and MφNpc1–/– 
chimeric mice. Sera from 5–6 animals per genotype were 
pooled and analyzed by GC/MS. Data are mean ± SEM of 
triplicate determinations and are representative of 2 inde-
pendent experiments. *P < 0.05 versus MφNpc1+/+.
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protein  cholesterol  to  27-HC  in  the Npc1–/– macrophages  is 
the principal mechanism for accelerated atherosclerosis in the 










































Oxidative stress in high-fat diet–fed MφNpc1+/+ 
and MφNpc1–/– mice. (A) Plasma levels of cho-
lesterol autoxidation products. Sera from 5–6 
animals per genotype were pooled and analyzed 
by GC/MS. Data are mean ± SEM for triplicate 
measurements and are representative of 2 inde-
pendent experiments. (B) Levels of cell-associat-
ed oxysterols in harvested macrophages. Lipids 
were extracted from cells, and oxysterols were 
measured by GC/MS. Data are mean ± SEM for 
triplicate measurements and are representative 
of 2 independent experiments. (C) Measurement 
of ROS in harvested macrophages. Macrophages 
were cultured overnight in lipoprotein-deficient 
serum (LPDS) in the presence or absence of 
10 μM T0901317 and incubated for 30 minutes 
with 10 μM H2DCFDA, after which fluorescence 
was determined. Data are mean ± SEM for trip-
licate measurements and are representative of 
2 independent experiments. (D) Oxidative dam-
age in harvested macrophages was assessed by 
measuring protein carbonylation in cell lysates. 
Ponceau S staining served as a loading control. 
Data are mean ± SEM and are representative of 
2 independent experiments. *P < 0.05, **P < 0.01 
versus respective MφNpc1+/+.
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